Face-selective regions (FSRs) are among the most widely studied functional regions in the human brain. However, individual variability of the FSRs has not been well quantified. Here we use functional magnetic resonance imaging (fMRI) to localize the FSRs and quantify their spatial and functional variabilities in 202 healthy adults. The occipital face area (OFA), posterior and anterior fusiform face areas (pFFA and aFFA), posterior continuation of the superior temporal sulcus (pcSTS), and posterior and anterior STS (pSTS and aSTS) were delineated for each individual with a semi-automated procedure. A probabilistic atlas was constructed to characterize their interindividual variability, revealing that the FSRs were highly variable in location and extent across subjects. The variability of FSRs was further quantified on both functional (i.e., face selectivity) and spatial (i.e., volume, location of peak activation, and anatomical location) features. Considerable interindividual variability and rightward asymmetry were found in all FSRs on these features. Taken together, our work presents the first effort to characterize comprehensively the variability of FSRs in a large sample of healthy subjects, and invites future work on the origin of the variability and its relation to individual differences in behavioral performance. Moreover, the probabilistic functional atlas will provide an adequate spatial reference for mapping the face network.
Introduction
People show considerable interindividual variability across physical characteristics: from mass and height to the placement of facial features and visceral organs. In particular, the human brain is characterized by striking interindividual variability in structure and function (Frost and Goebel, 2012; Hasnain et al., 1998; Sugiura et al., 2007; Van Essen and Dierker, 2007; Xiong et al., 2000; . In the past two decades, dramatic interindividual variability has been observed in both sulcal/gyral patterns and anatomical features (e.g. cortical thickness, volume, and shape) at the macroscopic level (Bartley et al., 1997; Fischl and Dale, 2000; Fischl et al., 2008; Thompson et al., 1996 Thompson et al., , 1998 and in the size and extent of cytoarchitectonic areas defined at the microscopic level (Amunts et al., 1999; Caspers et al., 2006; Rademacher et al., 2001; Scheperjans et al., 2007; Zilles and Amunts, 2010) . Recently, significant variability has also been revealed in anatomical and functional connectivity of the brain (Burgel et al., 2006; Mueller et al., 2013) . This variability provides vital information on our understanding of brain organization and the neural basis of human behavior and cognition (Kanai and Rees, 2011; . In contrast to the large amount of work being devoted to assessing structural and connectional variability in the brain, individual variability in functionally defined regions (i.e., homogenous regions with specific response properties) is rarely quantified (Frost and Goebel, 2012; Hasnain et al., 1998; Nieto-Castanon and Fedorenko, 2012; Saxe et al., 2006; Van Horn et al., 2008) . Here, we used functional magnetic resonance imaging (fMRI) to investigate the variability of faceselective regions (FSRs), which are selectively activated by faces versus non-face objects.
Face recognition is a highly developed skill in humans. A single glance at a face provides rich information on identity, gender, expression, age, and mood. Substantial evidence demonstrates that a dedicated network of the FSRs is recruited for face processing Ishai, 2008; Rossion et al., 2012; Zhen et al., 2013; Zhu et al., 2011) . These FSRs could be reliably localized across individuals even with a short period of functional localizer scans (Fox et al., 2009; Kawabata Duncan and Devlin, 2011) . Among them, the most reliable regions are located in the occipitotemporal cortex. Specifically, one FSR is in the inferior occipital gyrus (IOG, or occipital face area, OFA) (Gauthier et al., 2000; Liu et al., 2010) ; three FSRs are in the fusiform gyrus (FG, or fusiform face area, FFA), located in the posterior, middle and anterior parts of the FG (i.e., pFFA, mFFA, and aFFA) (Engell and McCarthy, 2013; Gauthier et al., 1999; Kanwisher et al., 1997; Nestor et al., 2011; Weiner and Grill-Spector, 2010) , and three FSRs are in the superior temporal sulcus (STS), located at the posterior continuation of the STS, the posterior STS, and the anterior STS (i.e., pcSTS, pSTS, and aSTS) (Pinsk et al., 2009; Pitcher et al., 2011a; Puce et al., 1998) . These regions are thought to process different aspects of faces : the region located in the IOG is involved in early perception of facial features; those regions located in the FG analyze the invariant aspects of faces that underlie recognition of individuals (Kanwisher et al., 1997; McCarthy et al., 1997; Pitcher et al., 2011b) and those regions located in the STS process the changeable aspects of faces such as expressions (Phillips et al., 1997) , direction of eye gaze, and lip movements, for facilitating social communication (Allison et al., 2000; Hoffman and Haxby, 2000; Lahnakoski et al., 2012; Puce et al., 1998) .
Although great advances have been made in recent years in applying fMRI to characterize these FSRs, previous studies have mostly focused on common properties of the FSRs across individuals. The interindividual variability of the FSRs is rarely investigated, although the variability has commonly been observed in previous studies (Fox et al., 2009; Goffaux et al., 2011; Kanwisher et al., 1997; Pinsk et al., 2009) . Only recently have four groups begun to develop probabilistic atlases (or maps) to characterize the variability of face-selective activation (Engell and McCarthy, 2013; Frost and Goebel, 2012; Julian et al., 2012; Tahmasebi et al., 2012) . Three of them (Engell and McCarthy, 2013; Julian et al., 2012; Tahmasebi et al., 2012) constructed the atlases at the voxel level, not at the FSR level; therefore, they didn't characterize the interindividual variability of the FSRs, which is critical information for understanding the structural-functional correspondence in the brain. One study indeed created the atlas at the FSR level (Frost and Goebel, 2012) , but it is only based on 10 subjects and one FSR (i.e., the FFA). Therefore, it is unclear how representative the atlas is and what the spatial relation among the FSRs is (e.g., to what extend does the FFA overlap with the OFA?). The present study extended the previous studies by identifying six well-studied FSRs in each individual of a large cohort of subjects, and then constructing a probabilistic atlas of the FSRs to characterize its spatial and functional variabilities.
Specifically, to capture reliably the variability of the FSRs, 202 subjects were scanned with a robust dynamic face localizer (Fox et al., 2009; Pitcher et al., 2011a) in the same scanner and with the same MR protocol. First, the six well-studied FSRs, the OFA, pFFA, aFFA, pcSTS, pSTS, and aSTS, were delineated in each individual using a semi-automated procedure. Second, a probabilistic atlas was created to quantify the spatial variability of FSRs, which contained precise stereotaxic information on both interhemispheric and interindividual differences. Third, the functional and spatial variabilities of the FSRs were characterized on four features, including face selectivity, volume, location of peak activation, and anatomical location. Besides interindividual variability, the interhemispheric variability (i.e. hemispheric asymmetry) of these features was also examined.
Materials and methods

Data description
Subjects
Two hundred and two college students (124 females; mean age = 20.3 years, standard deviation (SD) = 0.88 years), from Beijing Normal University, China, participated in the study. All subjects had normal or corrected-to-normal vision. The study was approved by the Institutional Review Board of Beijing Normal University. Written informed consent was obtained from all subjects before they took part in the experiment.
Localizer paradigm
A dynamic face localizer was used to define the FSRs. Empirical evidence indicates that the task could elicit reliable activations of FSRs across subjects (Fox et al., 2009; Pitcher et al., 2011a) . Specifically, the dynamic face localizer data were acquired over three blocked-design functional runs, each of which lasted 198 s. Each run contained two block sets, intermixed with three 18-s rest blocks at the beginning, middle and end of the run. Each block set consisted of four blocks of four stimulus categories (i.e., faces, scenes, objects, and scrambled objects), with each stimulus category presented in an 18-s block. Each block contained six 3-s movie clips from an object category, which were randomly drawn from a pool of 60 clips (for more details on the stimuli, see Pitcher et al., 2011a) . The order of stimulus category blocks in each run was palindromic and was randomized across runs. Subjects were instructed to view passively movie clips during scanning. In the present study, we defined the FSRs by the contrast of faces versus objects (e.g., Kanwisher et al., 1997) . Other conditions in the localizer task were designed to localize the object-selective and scene-selective regions, which will be characterized in other studies.
Image acquisition
Functional and structural MR imaging was done at BNU Imaging Center for Brain Research, Beijing, China, on a Siemens 3 T wholebody scanner (MAGENTOM Trio, a Tim system) with a 12-channel phased-array head coil. Functional blood-oxygen-level-dependent (BOLD) images were acquired with a T2*-weighted gradient-echo, echo-planar-imaging (GRE-EPI) sequence (TR = 2 s, echo time = 30 ms, flip angle = 90°, in-plane resolution = 3.1 × 3.1 mm). Wholebrain coverage for the functional data was obtained using 30 contiguous interleaved 4.8 mm axial slices. Structural T1-weighted images were acquired with a 3D magnetization-prepared rapid acquisition gradient echo (MP-RAGE) sequence (TR/TE/TI = 2530/3.39/1100 ms, flip angle = 7°) for spatial normalization. Earplugs were used to attenuate scanner noise, and head motion was restrained with a foam pillow and extendable padded head clamps.
Quality control
Two predefined criteria were used to assess the quality of functional MR images. First, to minimize the motion artifacts during scanning, subjects with excessive motion were excluded. Functional volumes with movements exceeding 2 mm in translation errors or 2°in rotation errors (in any direction) were flagged for excessive motion. Subjects with more than 20 flagged volumes across all runs were excluded from further analysis. Second, to minimize the error caused by misalignment of functional and anatomical volumes, subjects with large errors of registration were excluded. Specifically, the registration quality was checked visually by overlaying the normalized functional volume on the MNI152 template.
No subject showed excess head motion or visually detected registration errors; therefore, no subject was excluded, and data from all subjects were analyzed to characterize the interindividual variability of the FSRs.
Image processing
Activation analysis
Functional images were analyzed with FEAT (FMRI Expert Analysis Tool) Version 5.98, part of FSL (FMRIB's Software Library, www.fmrib. ox.ac.uk/fsl). The first-level analysis was conducted separately on each run and each session (i.e., subject). Preprocessing included the following steps: motion correction, brain extraction, spatial smoothing with a Gaussian kernel (FWHM = 6 mm), grand-mean intensity normalization, and high-pass temporal filtering (120 s cutoff). Statistical analyses on time series were performed using FILM (FMRIB's Improved Linear Model) with a local autocorrelation correction. A boxcar kernel was convolved with a gamma hemodynamic response function, and its temporal derivative was used to model blood oxygen level-dependent (BOLD) signal changes. Six parameters from motion-correction were also included in the model as regressors of no interest to account for the effect of residual head movements. A second-level analysis was then done to combine all runs within each session. Specifically, the parameter (i.e. beta) image from the first-level analysis was first aligned to the individual's structural images using FLIRT (FMRIB's linear image registration tool) with 6 degrees of freedom, and then warped to the MNI152 template using FNIRT (FMRIB's nonlinear image registration tool) running with the default parameters. The spatially normalized parameter images (resampled to 2-mm isotropic voxels) were then summarized across runs in each session using a fixed-effect model. The statistic images from the secondlevel analysis were then used to identify the subject-specific FSRs.
Subject-specific FSR delineation
We focused on the FSRs located in the occipitotemporal cortex, including OFA, pFFA, aFFA, pcSTS, pSTS, and aSTS. Of note, our data did not allow the differentiation of the pFus-faces and mFus-faces (Engell and McCarthy, 2013; Pinsk et al., 2009; Weiner and Grill-Spector, 2010) because most subjects showed only one cluster spanning from the posterior to middle FG. Moreover, for subjects who did show multiple clusters here, we often had trouble classifying them as either pFusfaces or mFus-face, possibly because of the low resolution of our fMRI data or the spatial smoothing used in the analysis (Weiner and GrillSpector, 2011) . Another possibility is that the dynamic stimuli were not efficient for differentiating the pFus-faces and mFus-faces, as a previous study showed that fusiform face regions are more sensitive to static than to dynamic information (Pitcher et al., 2011a) . Therefore, Fig. 1 . Illustration of the semi-automated procedure for delineating the subject-specific FSRs. (A) The individual activation maps were derived from three runs of fMRI data with a two-level general linear model, then thresholded with Z = 2.3 (p = 0.01, right tailed, uncorrected). (B) The individual activation maps were divided into small parcels with the watershed algorithm. (C) The subject-specific FSRs were labeled in parcel units while taking the group functional labels and macro-anatomical landmarks into account. The procedure was more objective and efficient than traditional labeling by voxel-wise handpicking.
we defined the clusters that spanned from the posterior to middle FG as a single region (i.e., the pFFA).
The subject-specific FSRs were delineated by seven raters specializing in the ventral visual pathway. Three sources of maps were used in combination in the delineating procedure, namely the subject-specific activation map, an FSR spatial reference, and a macro-anatomical landmark reference. Specifically, the subject-specific activation map was the statistical images derived from the three-run fixed effect analysis; the FSR spatial reference was a map of the high-probability parcels derived from the probabilistic activation map for face recognition (see Supplemental Fig. S1 ) (Zhen et al., 2013) , and the macroanatomical landmark reference was provided by the MNI152 T1 template. The first map provided information on subject-specific activations, whereas the latter two provided the functional and macro-anatomical landmarks for the location and extent of the FSRs. A semi-automated delineation procedure was followed by all raters, illustrated in Fig. 1 . First, the subject-specific activation image for faces versus objects was thresholded with Z = 2.3 (p = 0.01, right tailed, uncorrected) and then overlaid on the FSR spatial reference map (Fig. 1A) . The thresholded Z = 2.3 was adopted in light of empirical evidence suggesting that a lenient statistical threshold could help to identify functional regions in cases of relatively small amounts of data (Kawabata Duncan and Devlin, 2011) . Second, the thresholded activation image was partitioned into many small parcels using the watershed algorithm (Meyer, 1994) (Fig. 1B) . Finally, the rater handpicked the small parcels from the watershed to construct the target regions based simultaneously on the FSR spatial reference and the macroanatomical landmark reference (Figs. 1B and C). A specialized tool, called FreeROI, was developed in Python to aid the raters in delineating regions of interest (ROI) with our procedure. The tool is freely available from the website of Brain Activity Atlas (http://www.brainactivityatlas. org).
Our semi-automated delineation procedure has three major advantages over the traditional handpicking method. First, the boundaries between parcels are objectively determined with the watershed algorithm, which avoids subjectivity in determining the boundaries of the FSRs. Second, guided by the spatial reference of the FSRs and macroanatomical landmark references, the FSRs could be identified more accurately. Third, delineating the FSRs in parcel units rather than in voxel units as in the traditional method can save a great deal of time.
To speed up the delineation and avoid biases from individual raters, seven raters took part in delineating the FSRs in four rounds. In the first round, the brains were randomly divided into seven approximately equal groups and each rater was assigned to delineate the FSRs for a group of brains. In the second round, each rater was assigned to delineate the FSRs for another group of brains. That is, following this round, each FSR had been delineated twice with two different raters. In the third round, the delineated FSRs from the first two rounds were double checked and refined by the two raters who had delineated them. Finally, the FSRs that failed to reach the agreement of the two raters were evaluated and then finalized by all seven raters together.
Reliability of intra-and inter-rater delineations
To evaluate the reliability of the delineation procedure, the interrater reliability was assessed based on the delineations from the first two rounds in which the same FSRs were delineated by two different raters. The inter-rater reliability of delineation was measured with Dice's coefficient, which is defined as the ratio of twice the number of overlapping voxels from two the delineations, divided by the total number of voxels present in both delineations. That is, given two different delineations of an FSR, denoted by L 1 and L 2 , the Dice's coefficient is given by:
where V(L) indicates the volume of L. For two identical delineations, Dice's coefficient achieves its maximum value of 1, with decreasing values indicating less perfect overlap and 0 corresponding to no overlap. To provide a baseline for the size of inter-rater variability, the intrarater reliability of delineation was also assessed. For this, each rater redelineated several weeks later the FSRs that she/he had finished in the first run. The re-delineated FSRs and the FSRs from the first run were used to compute the intra-rater reliability of delineation with Dice's coefficient as described above. A paired t-test was used to test the difference between the inter-rater and intra-rater reliability of delineation.
Characterization of interindividual variability
We next created a probabilistic atlas to characterize the locations and extents (or borders) of the FSRs precisely, and then quantified the variability of the FSRs on both functional (i.e., face selectivity) and spatial (i.e., volume, location of peak activation, and functional anatomy) features.
Probabilistic atlas
For each FSR, a probabilistic map was created to characterize the likelihood that a given voxel belonged to that FSR. Specifically, the subject-specific FSR delineated in individual brains were averaged in the MNI152 space so that the value at any voxel coded the likelihood of the voxel being located in the FSR, thus giving a measure of the variability in location and extent of the FSR over subjects at voxellevel resolution.
Because of the interindividual variability, the probabilistic maps from adjacent FSRs often showed some overlap. A maximumprobability map (MPM) was constructed to summarize the probabilistic maps of all FSRs into one volume. Specifically, the MPM was constructed by comparing the probabilities for each FSR (i.e., the overlapping frequency) in each voxel and assigning that voxel to the FSR to which it had the highest probability of belonging. If two FSRs showed equal probabilities, the problematic voxel was assigned to the FSR with the higher average probability in the 26 immediately adjacent voxels. The voxels with a maximal probability smaller than 10% were set to 0, indicating that they most likely did not belong to any FSR. As a result, the MPM defined the most likely FSR to which each voxel belonged and represented all FSRs in a continuous, but non-overlapping manner in one volume.
Face selectivity
Face selectivity was characterized as percent signal change (PSC) for the contrast of faces versus objects. Specifically, the PSC was first calculated for each voxel by dividing the estimates of the parameters (the contrast of beta values from the fixed-effects GLM) by the mean intensity of the baseline level (the intercept in the GLM), and multiplying by 100. The PSC for an FSR was then calculated as the mean of PSC values across all voxels within the FSR. The interhemispheric difference in face selectivity was assessed with the paired t-test, and the effect size was measured with Cohen's d. Moreover, interindividual variability in face selectivity was quantified by the coefficient of variation (CV = SD/mean) separately for each FSR. Permutation tests were used to test the significance of hemispheric effects on the CV of the magnitude.
Volume
The volume of an FSR was measured as the number of voxels within the FSR multiplied by the voxel size within the MNI space. The region size measured in the MNI space is equivalent to normalizing individual region volumes by total intracranial volume (TIV) and therefore avoids the confounding effect of TIV variation (Buckner et al., 2004) . For each FSR, a significant effect of hemisphere on the volume was tested using the paired t-test, and the effect size was measured with Cohen's d. Moreover, interindividual variability in volume was quantified by the CV separately for each FSR. Permutation tests were used to test the significance of hemispheric effects on the CV of the volume.
Location of the peak activation
The spatial locations of the FSRs were first characterized based on the MNI stereotaxic coordinates of the peak activation of each FSR. For each FSR, the coordinates of the peak activation were identified in each subject, and the mean coordinates of all peaks were calculated as the center of the peak locations across subjects. For each coordinate axis, differences of the absolute peak coordinates were tested for significant effects of hemisphere using the paired t-test. The dispersion of FSR peak locations on a given axis was measured as standard deviation (SD). Moreover, the sum of the three SDs was calculated to summarize the overall variability of peak location in MNI stereotaxic space. Permutation tests were used for each FSR to test for significant hemispheric effects on the total variation in the peak location of the FSRs.
Anatomical labeling
To supplement the stereotaxic coordinates of peak activation, the anatomical locations of the FSRs were also labeled in terms of the macro-anatomical regions defined in the Harvard-Oxford cortical probabilistic atlases (Desikan et al., 2006) . First, the macro-anatomical regions were derived from the MPM of the Harvard-Oxford cortical probabilistic atlases implemented in FSL, without thresholding. Second, for each subject, the spatial overlap between each FSR and each anatomical region was indexed as a percentage of the FSR volume. Third, the spatial overlap index was averaged across subjects to characterize the correspondence between the FSRs and anatomical regions. The anatomical regions that had little overlap (less than 5%) were considered non-stably overlapping and were discarded.
Results
Delineation of FSRs
The subject-specific FSRs were delineated based on the individual activation map with a parcel-based delineation procedure. As shown in Fig. 2A , the face-selective activation showed dramatic variation in the location, extent, and strength across individual brains. With our specialized tool, FreeROI, approximately 10 min were required for an expert to delineate all 12 FSRs in a brain. The OFA, pFFA, aFFA, pcSTS, pSTS, and aSTS in the right and left hemispheres were identified in 189/169, 198/187, 113/107, 169/140, 201/192, and 191/176 of 202 brains, respectively (Table 1) . The delineated FSRs corresponding to the brain in Fig. 2A were shown in Fig. 2B , which clearly show the interindividual variability of the FSRs in size, location, and extent.
Reliability of the delineation of FSRs
The reliability of the delineation was measured using the Dice's coefficient. As shown in Fig. 3 , all FSRs showed good intra-rater reliability with Dice's coefficients approximately equal to or exceeding 0.7. Particularly, OFA, pFFA, and pSTS showed intra-rater reliability close to or higher than 0.9. The inter-rater reliability of the delineation is comparable to the intra-rater reliability, with Dice's coefficients exceeding 0.7 in most of the FSRs except left pcSTS, left aSTS, and right aSTS. No significant difference between inter-and intra-rater reliability was found (p b 0.05, Bonferroni correction). Remarkably, the reliability is comparable to the reported reliabilities of some manually labeled anatomical regions, such as the amygdala and hippocampus (Entis et al., 2012; Geuze et al., 2005) , though the boundaries of the functional regions were not as clear as the boundaries of the anatomical regions. In summary, the raters had stable performance while delineating each FSR, and the delineations from different raters were highly consistent.
Probabilistic atlas
To characterize the interindividual variability of the locations and extents (or borders) of the FSRs, a probabilistic atlas of the FSRs was created by calculating the probability of a respective FSR being present at a given position. As a result, the probabilistic atlas consists of a set of 12 probability maps that reflect the interindividual variability of the respective FSRs. As shown in Fig. 4A , a high interindividual variability was observed for all FSRs: no one voxel showed a 100-percent chance of being in one of the FSRs across subjects. The maximum probability that a voxel belonged to an FSR ranged from 0.24 (left aFFA) to 0.74 (right pSTS) ( Table 1) . For each FSR, high probability was often found in the center, not the periphery. In addition, voxels in the center of the right FSRs usually had a larger probability than those of their left counterparts, especially for pFFA, pcSTS, and pSTS (Fig. 4A ), suggesting The delineated subject-specific FSRs for the activations in (A). OFA, pFFA, aFFA, pcSTS, pSTS, and aSTS were shown in red, green, ocher, blue, yellow, and purple, respectively. Each cell corresponds to one subject.
that the FSRs in the left hemisphere have a larger variability in terms of anatomical location.
Because of the large interindividual variability, the probabilistic maps of adjacent FSRs showed overlaps to some extent in the periphery. To classify each voxel to the most likely region, an MPM was created to obtain a non-overlapping representation of the FSRs. As shown in Fig. 4B , the MPM represents multiple FSRs in one volume, which reveals a basic topographical pattern of these FSRs. On the lateral surface, the pcSTS was located in the posterior continuation of the STS, and abutted the OFA and the pSTS. The pSTS occupied the posterior STS, extending along STS to the aSTS. The aSTS occupied the anterior STS and extended along STS to the temporal pole. The OFA was located in the IOG and extended to the ventral surface. On the ventral surface, anterior to the OFA, the pFFA was located in the middle FG, and the aFFA was located more anteriorly in the FG. To avoid bias from a single arbitrary threshold, we also constructed the probabilistic atlas for the FSRs using other commonly used Z thresholds such as 3.09 (i.e., p = 0.001, right tailed, uncorrected) and 3.71 (i.e., p = 0.0001, right tailed, uncorrected) (see Supplemental Fig. S3 ). However, for simplicity only the FSRs delineated at Z = 2.3 (p = 0.01, right tailed, uncorrected) were used for further analysis. Next, we further quantified the interindividual variability of the FSRs with respect to four features: face selectivity, volume, location of peak activation, and anatomical location.
Face selectivity
The face selectivities of the FSRs were measured by percent signal change (PSC) from the contrast of faces versus objects, and its distribution was summarized in the box plots (Fig. 5A ). Several interesting facts were observed. First, the magnitude of selectivity decreased gradually from posterior to anterior portions of both the lateral (pcSTS: 0.48 ± 0.10, pSTS: 0.45 ± 0.08, and aSTS: 0.35 ± 0.07) and ventral (OFA: 0.51 ± 0.11, pFFA: 0.51 ± 0.11, and aFFA: 0.27 ± 0.06) temporal cortices. Second, the FSRs in the right hemisphere showed larger face selectivity than those in the left hemisphere (i.e., rightward asymmetry). The lateral FSRs (pSTS: t (161) (Fig. 5A) . The large rightward asymmetries of the face selectivity suggest that the right hemisphere is dominant in face recognition.
Large interquartile ranges (IQR) were observed in the face selectivity for all FSRs, indicating that the FSRs had a significant amount of interindividual variability in their responses (Fig. 5A) . The variability was further quantified by the CV. On average, across hemispheres, the FSRs showed CVs around 0.2 (OFA: 0.22, pFFA: 0.21, aFFA: 0.22, pcSTS: 0.20, aSTS: 0.20, and pSTS: 0.17) (Fig. 5B) . A significant effect of hemisphere was observed in aSTS, with larger variation in the left than in the right hemisphere (CV difference = − 0.06, p b 0.001). No significant interhemispheric differences in the variability were observed in other FSRs (all ps N 0.05).
Volume
The volume of each FSR was measured in the MNI space, and its distribution is summarized in the box plots in Fig. 6A . Averaging across the hemispheres, the pSTS had the largest volume (median: 6.89 cm (Fig. 6A) . 
Location of activation peak
To characterize the location of an FSR and its variability, the mean and SD of the stereotaxic coordinates of the peak activation were calculated in each axis (Table 1) . As shown in Fig. 7A , despite considerable interindividual variations, the locations of the activation peaks of all FSRs differed significantly from each other along all three axes. Significant interhemispheric differences in peak location were observed in the X-coordinate in all FSRs, but with different sign. The OFA (t (162) (Fig. 7B) , indicating that they are more lateral in the left hemisphere than in the right hemisphere. Significance in coordinate difference Fig. 4 . Probabilistic atlas and maximum probability map for the FSRs. (A) Probabilistic atlas displayed on the cortical surface of the standard MNI152 brain template. The probability was calculated as the frequency with which a given FSR was presented at a given position across all subjects. (B) Maximum probability map visualized as overlays on the cortical surface of the MNI152 template brain. The value for voxels in which the maximal probability was smaller than 0.1 was set to zero, indicating that they most likely did not belong to any FSR. L, left hemisphere; R, right hemisphere. (Fig. 7B) .
The coordinates of the peak activation showed SDs from several millimeters to 1 cm in each axis and in each FSR (Fig. 7A) . The sum of the SDs from three axes was calculated to quantify the overall variability of peak locations in stereotaxic space. As shown in Fig. 7C , the lateral FSRs (pcSTS: 14.0 mm, pSTS: 16.3 mm, and aSTS: 18.6 mm) showed larger variations in peak coordinates than the ventral FSRs (OFA: 13.4 mm, pFFA: 12.0 mm, and aFFA: 11.7 mm). A significant interhemispheric difference in variation was found only in pSTS, with larger variation in the left than in the right hemisphere (SD diff = −3.85 mm, p = 0.001).
Anatomical correspondence
Besides the coordinates of the FSRs, the anatomical locations of FSRs were also characterized in relation to the macro-anatomical regions of the Harvard-Oxford cortical probabilistic atlases (MPM with no threshold). The spatial overlap between the FSRs and the anatomical regions was examined. As shown in Fig. 8 , there was no one-to-one correspondence between the FSRs and the Harvard-Oxford anatomical regions. An FSR usually overlapped with two or more anatomical regions. For example, the pFFA largely overlapped with the temporal occipital fusiform cortex (52.9 ± 25.2%), but also with the temporooccipital part of the inferior temporal gyrus (15.1 ± 16.1%), the posterior division of the temporal fusiform cortex (7.38 ± 14.2%), and the occipital fusiform gyrus (7.22 ± 12.5%). Taken together, the results indicated that the locations of anatomical regions were not adequate to predict the locations of the FSRs.
Discussion
We have delineated the subject-specific FSRs in a large fMRI dataset and revealed that FSRs showed considerable variability across individuals and hemispheres with respect to face selectivity, volume, location of peak activation, and anatomical correspondence. Moreover, a probabilistic atlas was created to quantify the spatial variability of FSRs, which contained precise stereotaxic information on both interhemispheric and interindividual differences.
Interindividual variability of the FSRs
Our data revealed that the FSRs showed considerable interindividual variability in both functional and spatial features. As for the functional features, the FSRs showed significant variability in their selectivity for faces, consistent with previous studies (Furl et al., 2011; Gauthier et al., 2005; Yovel and Kanwisher, 2005) . For the spatial features, to our knowledge, only a few studies have provided quantitative estimates of intersubject variability of the FSRs, mostly focusing on the variability of the location of peak activation. The interindividual variability of peak location of FSRs reportedly ranged from several millimeters to centimeters (Fox et al., 2009; Kanwisher et al., 1997; Pinsk et al., 2009 ). Moreover, the interindividual variability in the volume of FSRs was also examined either in subjects' native space (Kanwisher et al., 1997; Pinsk et al., 2009) or by fixing the size of the FFA at 200 mm 3 (Rossion et al., 2012) , resulting in a finding that the interindividual variability of the volume (i.e., the SD of the volume measurements) is approximately equal to or greater than the mean volume of each FSR. Our study extended these studies on the spatial features of the FSRs in three folds. First, the probabilistic atlas revealed that the FSRs had high uncertainty in location and extent: not one voxel in an FSR was found to show face selectivity in all participants tested. Second, the distance among the locations of peak activation across participants in an FSR was more than 10 mm. Finally, interindividual variability in the volumes of the FSRs (CV: 0.67-0.90) was dramatically larger than that of the mean volume of the total neocortex (CV:~0.1) (Kennedy et al., 1998) .
In our study, all individual brains were standardized to the MNI152 space with a high dimensional non-linear registration method, and thus the macro-anatomical variability across subjects was largely, if not wholly, removed. In fact, even with an arguably more accurate curvature-based alignment, the variability of functional regions remains prominent (Frost and Goebel, 2012) . Therefore, the observed variability likely reflected the true functional variability (i.e., the structuralfunctional correspondence). Such interindividual functional variability likely provides a neural basis for interindividual differences in face recognition. For example, individual differences in face selectivity of the OFA and FFA predict differences in behavioral performance in face recognition (Furl et al., 2011; Huang et al., 2014) . In addition, differences in the volume of the FFA were found to account for the developmental differences in face recognition memory (Golarai et al., 2007) . The behavioral relevance of the interindividual variability of the FSRs located in the STS has not been extensively studied; we speculate that it might be related to individual differences in processing expression, eye gaze, or other dynamic aspects of faces.
Sources of interindividual variability
The interindividual functional variability may stem from multiple sources. First, the variability may simply relate to the microstructural organization (e.g., cytoarchitecture) of the cortex. In the human brain, it has been observed that the size and location of cytoarchitectonic visual areas varies considerably across individuals (Amunts et al., 2000; Caspers et al., 2013; Malikovic et al., 2007; Rottschy et al., 2007; . Because the regional cytoarchitecture is often correlated with the regional specialization of function (Brett et al., 2002; Zilles and Amunts, 2010) , the variability of the cytoarchitecture is thus likely a source of the variability in the functional regions. Second, as the function of a cortical region is largely determined by its extrinsic connections (Passingham et al., 2002; Saygin et al., 2011) , the variability of its underlying anatomical and functional connectivity patterns may be another source of the variability in functional regions. Indeed, a recent study has revealed that the interregional functional connectivity shows considerable variability across subjects (Mueller et al., 2013) . Third, the large interindividual functional variability may arise from the functional plasticity of the brain through cortical competition. Previous studies on visual development (Golarai et al., 2007) , expertise (Gauthier et al., 2003) , and plasticity in sensory maps (Polley et al., 2006; Song et al., 2010) have revealed a displacement of map boundaries due to cortical competition. Thus, individual experiences in the early or even late years of development may significantly contribute to the interindividual variability of the FSRs. Finally, a growing body of evidence indicates that individual variation in brain activation is significantly influenced by genetic factors (Blokland et al., 2011; Koten et al., 2009; Polk et al., 2007) . Therefore, the large variability of FSRs is likely to be a joint outcome of genetic and environmental factors. To what extent the variability of functional regions is determined by the two factors requires further investigation.
Interhemispheric variability
Considerable interhemispheric variability was observed in both functional and spatial features as well. Not surprisingly all right FSRs showed larger face selectivity and volumes than their left counterparts. Our results further revealed that the lateral FSRs generally showed more rightward asymmetry than the ventral FSRs. Moreover, as shown in the probabilistic atlas, the right FSRs usually showed less variability than their left counterparts did. In line with our observation, previous studies have reported the right-lateralization in face recognition. First, a bias for better retention and recognition of faces briefly presented to the left visual field is consistently observed in behavioral studies (Hillger and Koenig, 1991; Rhodes, 1985) . Second, most, if not all, acquired prosopagnosics follow either bilateral or right unilateral occipitotemporal lesions (Bouvier and Engel, 2006; Landis et al., 1988) . Third, neuroimaging (Kanwisher et al., 1997; McCarthy et al., 1997; Rossion et al., 2012) and ERP (Bentin et al., 1996; Rossion et al., 2003; Yovel et al., 2003) studies have also demonstrated the right hemispheric dominance for face recognition.
The reason of the right asymmetry in FSRs remains largely unknown (Bukowski et al., 2013) . One possibility is the right hemispheric dominance in holistic processing (Bradshaw and Nettleton, 1981; Schiltz and Rossion, 2006) . Because holistic processing is critical in identifying faces, the right FSRs may play a more important role in face processing. Another possibility is that the right asymmetry of FSRs may result from a competition between the processing of faces versus language (Knecht et al., 2000) in the left hemisphere. During development, the left FSRs might compete with nearby language-related regions, such as the visual word form area in the middle fusiform gyrus (Baker et al., 2007; Cohen et al., 2000; Song et al., 2012 ) and Wernicke's area near the STS (Calvert and Campbell, 2003) . Consequently, the left FSRs would show reduced selectivity and volumes compared to their right counterparts that encountered less competition. However, neither possibility can satisfactorily explain the right asymmetry of the FSRs simply because not all FSRs are involved in holistic processing or have a neighboring language-related area (e.g., the pcSTS). Future studies are needed to explore how asymmetry is formed during development, and whether there are different mechanisms underlying the asymmetry of different FSRs.
Probabilistic functional atlas (PFA)
Atlases of the human brain play an important role in brain research. An atlas captures the spatiotemporal distribution of a multitude of physiological and anatomical metrics in a stereotaxic space (Evans et al., 2012; Toga et al., 2006) . A series of brain atlases has been created and widely used (Evans et al., 2012; Mazziotta et al., 2001; Mori et al., 2008; Shattuck et al., 2008; Zilles and Amunts, 2010) . However, most of the existing atlases focus on brain anatomy, not brain functions. Because of great intersubject variability in anatomy and structuralfunctional correspondence, the anatomical atlases are not sufficient to allow researchers to infer the location and extent of functional regions and their variability across individual brains (Frost and Goebel, 2012) . The lack of brain atlases for functional regions renders it difficult to accumulate accurate knowledge of specific functional regions and to understand the structural and functional architecture of the face processing system.
One contribution of our study is the construction of a probabilistic functional atlas (PFA) for the FSRs based on a large cohort of subjects. The PFA could serve as a useful repository of knowledge and facilitate the analysis of fMRI data (Evans et al., 2012; Mazziotta et al., 2001 ). The value indicated the percentage of the intersection volume to the whole volume of the FSRs (i.e., the number of overlapping voxels divided by the total number of voxels present in the FSR). For display purposes, the macro-anatomical regions that had little overlap (less than 10%) were not shown. Abbreviations: TP, temporal pole; aSTG, superior temporal gyrus, anterior division; aMTG, middle temporal gyrus, anterior division; pSTG, superior temporal gyrus, posterior division; pSMG, supramarginal gyrus, posterior division; tMTG, middle temporal gyrus, temporooccipital part; AG, angular gyrus; sLOC, lateral occipital cortex, superior division; iLOC, lateral occipital cortex, inferior division; OP, occipital pole; OFG, occipital fusiform gyrus; TOF, temporal occipital fusiform cortex; tITG, inferior temporal gyrus, temporooccipital part; pTFC, temporal fusiform cortex, posterior division; pITG, inferior temporal gyrus, posterior division.
First, as a complement to the anatomical atlases, the PFA supplies a quantitative spatial reference system in which information from multiple sources can be integrated and compared. Moreover, by integrating with other atlases, the PFA would identify patterns of structural, connectional, and molecular variations in the functional regions and provide a deeper understanding of the relationship between brain structure and function. Second, subject-specific fROIs are always preferred over the PFA based fROIs in individual studies; however, when such information is not available, the PFA can be used to provide faceselective fROIs in group analyses to explore properties common to all human brains. On the other hand, even when a functional localizer is acquired, the PFA can be used as a source of spatial constraints to localize subject-specific fROIs. The availability of well-defined fROIs could provide better sensitivity and specificity in integrating features of the FSRs with clinical and genetic data, and in studying the large-scale brain network for face recognition. Third, the labeled individual FSRs and associated features could serve as a database of the FSRs in a healthy population. All the accumulated data in the atlas could be used as a norm to quantify the degree of deviation of the FSRs in a new subject and thereby have the potential to detect FSR deficits in patients. Fourth, the atlas descriptions of intersubject variance in FSRs could serve as empirical priors in the development of algorithms for automated identification of the FSRs. The automated algorithms will in turn improve the objectivity and efficiency of identification of the FSRs in new subjects.
Several groups have recently begun developing probabilistic atlases (or maps) to characterize face-selective activation (Engell and McCarthy, 2013; Julian et al., 2012; Tahmasebi et al., 2012) . Our PFA significantly extended these atlases. First, previous atlases aim to describe the likelihood of activation of each voxel elicited by faces and thus provide little information on how the FSRs vary in location and extent across subjects (but see Frost and Goebel, 2012) . Instead of characterizing the interindividual variability at the voxel level, our study summarized the subject-specific FSRs across subjects to classify face-selective voxels to a specific FSR. The atlas at the regional level likely provides information more directly related to cognitive processes of interest. Second, the delineation of multiple regions together provides information about the spatial and functional organizations of these regions, which makes comparison of their anatomical and functional relations possible. More broadly, the former type of atlases characterize the interindividual variability of activation for the cognitive process of interest at the voxel level, and the latter type of atlases characterize the interindividual variability of the functional regions that are involved in the cognitive process of interest. Therefore, the two types of atlases are not substitutes but complement each other. The two types of atlases together could be the cornerstone of functional atlases, in which brain regions are annotated according to their cognitive and behavioral involvements.
Unwanted sources of variability
It should be noted that some of the observed spatial variability might stem from unwanted sources of variability. First, although a high-dimensional non-linear registration method was used to remove macro-anatomical variability, some may remain. To more accurately measure the interindividual variability of functional regions, a more advanced alignment scheme needs to be developed to better remove macro-anatomical variability (Avants et al., 2011; Goebel, 2012, 2013) , although perfect alignment of any two brains may not possible (Juch et al., 2005; Van Essen and Dierker, 2007) . Second, the low power of the localizer data may cause some variability. Our functional localizer consists of three runs that take a relatively short scanning period (~10 min). Although results from previous studies have revealed that this amount of data can well localize the FSRs in individuals (70-80% overlap with the gold standard from a randomeffects analysis of ten runs), the low signal-to-noise ratio of fMRI may still lead to some unreliable FSR identifications (Kawabata Duncan and Devlin, 2011; Swallow et al., 2003) . Third, the choice of the threshold in localizing the FSRs inevitably influenced the amount of variation in the location of the FSRs. To avoid bias from a single arbitrary threshold, we also constructed the PFA using other commonly used Z thresholds such as 3.09 (i.e., p = 0.001, right tailed, uncorrected) and 3.71 (i.e., p = 0.0001, right tailed, uncorrected) (see Supplemental Fig. S3 ), As shown, the probabilistic atlas and maximum probability map derived at different thresholds revealed similar patterns, indicating that our atlas is stable and not sensitive to the choice of threshold. Fourth, the inter-rater inconsistency in labeling is another factor potentially contributing unwanted variability, although our procedure of requiring the collaboration of two raters on each labeling dramatically reduced this type of variability. Moreover, as our reliability analysis noted, the reliability of our delineation had reached a good level, comparable to the reliabilities of some manually delineated anatomical regions, such as the amygdala and hippocampus (Entis et al., 2012; Geuze et al., 2005) .
Future directions
The large variability of FSRs presented here suggests several avenues for future study. First, behavioral studies have revealed that the ability to recognize faces continues to develop until 33 years of age (Susilo et al., 2013) , but the developmental trajectory of the FSRs is poorly known. The atlas presented in this study is constructed from young adults with a narrow range of ages; therefore, the atlas may not be applicable to studies on people with different ages, especially child participants. Future studies are needed to construct a functional atlas that reflects the development of functional cortical regions of the brain. Second, our definition of the FSRs relied on the functional contrast between faces and objects. When more information is introduced to define the FSRs, we may have more power to distinguish the different regions (e.g., pFus and mFus). For example, considering the connectivity patterns of regions of interest is a noteworthy future direction in refining the PFA for faces processing. Finally, the interindividual variability of functional regions in both functional and spatial features should reflect brain function to some extent, and thus is a rich and important source of information for revealing the neural basis of human cognition and behavior (Kanai and Rees, 2011; . Future studies need to elaborate on the significance of the variability of functional regions and utilize this variability to explore the neural mechanisms of specific behavioral or cognitive processes (Van Horn et al., 2008) .
Conclusion
Our study demonstrates large interindividual variability in the FSRs. This work is the first step toward identifying morphological landmarks potentially useful for correlating functional and structural maps, and for understanding the neural mechanism of individual differences in face recognition. Moreover, the probabilistic atlas of FSRs from this work is freely available (http://www.brainactivityatlas.org). It not only describes the commonalities in the population data, but also captures the interindividual variability in the location and extent of the FSRs. Thus, the atlas stands as a resource for the neuroimaging community and a stimulus for the future construction of probabilistic atlases of other functional regions and domains.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.neuroimage.2015.03.010.
